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I. INTRODUCTION

I hermal marking is a technique for missile Lidance which uses a high energ\ laser. Ihis

technique employs the laser to create a hot spot on the target, which may be a tank, an armored

personnel carrier, a self-propelled artille' : piece. etc. The hot spot emits thermal energy during

irradiation by the laser and continues to emit for some time after the laser is turned off. while

the spot is cooling down. Conventional missile seekers can lock onto this radiant energy so

long as its intensity is above a certain threshold level. As the hot spot cools down the emitted

energ\ falls off, but this may be compensated for by the closing in of the missile in flight.

Whether or not this compensation is sufficient to maintain lockon depends on the speed of the

missile, the type of seeker, atmospheric conditions, emissivity of the target. intensity of the

laser beam, its angle of incidence on the target, and the length of irradiation by the laser.

I he rates of heating and cooling of laser heated targets were investigated experimentall\ b\

tloll and McClusky [II in 1971. [hese experiments, however, were performed with a lo%

energy laser on sheet lead. Nevertheless the results were useful in showing the shape of the

isotherms during the heating and cooling cycles. Kast [2] investigated theoretically the thermal

marking process using a high energy laser. He developed a computer code for this purpase but

the number of variables investigated was limited. Wachs and Jenkins [3] irradiated a thick (six

inches) steel slab with a high energy laser and determined the isotherm contours and the

heating and cooling rates. They also determined the capability of operational seekers to lock

onto a hot spot. All of these investigations were of a preliminary nature, but showed that the

thermal marking concept possessed some feasibility. A more extensive examination of this

feasibility has been undertaken in the present theoretical work.

2. THE MODEL

r-he system model is shown in Figure 1. This illustration shows a tank as the target at the loft.

At the right, a high energy laser is irradiating the target to form a hot spot which in turn emits

energy. The wavelength of the laser energy for the purposes of this analysis was chosen to be

10.6 mim, while the emitted energy is of course a spectrum of wavelengths as given by Planck's

law. In the vicinity of the laser stands a missile equipped with a typical modern seeker. This

seeker has a minimum threshold value for the energy which it can detect radiating from the hot

spot, and this energy must lie between two sharply defined limits of wavelength. The intensity

of the radiation from the hot spot varies directionally according to Lambert's Law and

inversely as the square of the distance from the source. To illustrate, the arc moving away from

the tank in Figure I is an imaginary surface or envelope where the radiant energy from the hot

spot is just that necessary for the seeker to be able to lock onto the target. As the temperature

of the hot spot increases, this envelope recedes still further from the target.
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At the instant of lockon, a ; show\n in Figure /. the mi,sile is tired, but the laser is not shut off.

allowing the enxelope to recede well behind the missile. At the point shown in Figure 2 the

laser is cut off, but the missile has been in flight foi a period of about one second, placing it well

%%ithin the minimum energy envelope. This "head-start" of the missile is necessary because the

envelope collapses very rapidly - much faster than the velocity of the missile - for the first

second or so after the laser is turned off. At the "critical point", as shown in Figure 3. the

minimum energy envelope has caught up with the missile, but has not passed it. From this

point on. the collapse of the envelope has slowed down sufficiently so that the missile is able to

stay ahead of it. Figure 4 shows the collapsing envelope well behind the missile at the moment

of impact.

3. BASIC EQUATIONS

I o get the surface temperatures within the hot spot and its surrounding area and the

temperature profile into the target, a finite-difference computer program was written. The

program considered heat losses from the surface by conduction to the interior, by lateral

conduction, and by radiation. Heat losses by natural convection were insignificant and

ignored. The backside temperature was also calculated. The central temperature of the hot

spot was then used to calculate the range from the target to the envelope of minimum energy

required for lockon. Referring to Figure 5, there is a heat-seeking missile approaching a hot

spot. Lambert's cosine law states that the energy per unit of time (dQ,), radiated from an

element of area in the hot spot (dAI), into the solid angle sinC d4 de will be

UT (1)
dQ = 4 COS dA sinC dC d(T osy 1 sn td

where o is the Stefan - Boltzmann constant and T is the temperature of the hot spot. Of this

amount, the fraction intercepted by dA 2, an element of area on the sensor, is

dA2 cos (2)

R siri d dE

where R is the missile-target distance. The quantity of energy per unit time impinging on the

element dA2 is therefore the product of (I) and (2).

dT 4  cos cosa (3)
dQ2 = RdA dA2  (
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\\e may presume that the sensor \ili ahwa\ align the missile along the path R so that cosO

I Also. the energ\ flux falling on the sensor froin the entire hot spot is that described b\ 3) if

one integrates o\er the %%hole hot spot area. I hus (3) becomes

dQ2  _ UT4 cos J dAl 41

dA2  7TR 2 f 1

But the integral in (4) is simply the area of the hot spot which, if the laser is in the \ icinit\ of tile
is elpe1ih o 1 T D 2

missile, is an ellipse with an area of w \%here 1) is the diameter of the
laser beam. Cos 4

Substituting. (4) becomes

dQ2  aT 4 D2

d_= (5)
dA2 4R2

Equation (5) describes the energy flux impinging on the sensor, but this element cannot "see"

all of it. The sensor functions on only a fraction of the total spectrum lying between two

specified wavelengths of,\,, and A2. Plank's distribution law gives the amount of energy seen as

f d (6)ql ~X X ~ 5 (eCh/XKTl)(6

Where c is the speed of light, h is Planck's constant and k is the Boltzmann constant. The

fraction of the total spectrum seen is then - ' Finally, the hot spot is not a black

body, but has the emissivity e. When the above expressions are placed in (5) and the result is

solved for R the equation is

R = EChDe dX (7)
2" 107 (dQ 2 /dA 2 ) /X5 (ech/XKTl)

X 1I

Equation (7) gives the range, or distance from the hot spot, of the missile when it is receiving an

arbitrary energy flux of dQ 2/dA 2. If dQ 2/ DA 2 is chosen to be the minimum for which the

seeker will operate, then (7) gives the maximum'range for lockon. The factor 10 7 in the

denominator of (7) makes the equation dimensionally correct if h is given in erg sec and

5
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dQ: dA. is gixen in watts cm . As stated, the tinite-difference portion of the computer

program supplied the %alue for I, as a finction of laser po"er, beam diameter. angle of

incidcncc. attenuation h\ %%cather, length of iriradiation, and absorpti,,it\ of the incident

energ\. In all cases, the lasc "ias presumcd to hc in the icinlit\ ol the la unchi.

4. DETERMINATION OF MAXIMUM MISSILE RANGE AND
FORGET TIME

Values of w "ere computed and from these \\ere obtained values for R w\hich were p!otted

against time. as in Figure 6. What might be a typical \alue for modern seekers. dQ dV \%as

chosen to be 2.7X 10 '' %katts cm - times thc wrgnal-to-noise ratio. In the exanplc shon in

tit,'urc 6. the solid line is the location from the target in meters of the miniiitint cnre g\

tni\elope. Ihe missile inust sta\ is close, or clo,,r to the target than this enx elope at all paits of

it., flight in order to maintain lockon. \ missilc om a launcher 1550 meters from the target

scnses the encrg. after the laser has ini adated he arget for 3.9 seconds, and is ininicdiatcl\

launched from point A. At li\e seconds the lascr is turned off and the missile is no\\ 1340

meters from the target. At six seconds (or one second alter laer cutoff) the minimum energ.

envelope has caught up with the missile at I100 meters from the target (the critical point).

tfrom here on, the missile is faster than the coflapsiog envelope and it impacts the target at B.

after a total of 7.9 seconds for the entire operation. lo get the maximum missile ranges. such

graphs were drawn for every combination of \ariables.

It can be seen that. once the laser has been shut off. the system has firc-and-lorget

capabilities. In the example of Fi gure 6. the time between li\e seconds (the laser cutoff) and 9

seconds (the point of impact), the system requires no attention. In regard to this lire-and-

lorget capability a trade-off can and must be made between a system giving maximum range.

or one giving maximum forget time. [he present analysis gives maximum range. % hich result,

from a system that fires the missile at the moment of lockon. about a second or so before the

laser is turned off. The forget time is therefore shortened about a second less than maximum.

which would be the full flight time of the missile. A different apptoach is that of Kast 121 v. ho

maximized forget time at the expense of range by firing the missile at the moment of laser

cutoff. Returning to Figure 6 the dotted line shows the path of such a system. Using the flight

path of the same missile as that launched at A. the missile is now launched at C. the moment

the laser is cut off. This missile must be placed no farther from the target than 1260 meters in

order to stay within the minimum energy envelope at the critical point. It impacts the target at

D, 8.6 seconds after the laser was turned on. Thus the forget time has been increased from 2.9

seconds to 3.6 seconds, but the maximum range has been reduced from 1550 meters to 1260

meters.
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I ,,ne a procedure \\ hich i\,, maxim uI I i i l, ra.IC t11p12 ical ItMe t tiie, MCi . illutt+itCLd III

I l,, ie -" h hars labeled "burn"or "'burl time'" rCpresnCllt the tlnc that the la,,cr ii liadiat' the

trauget. lherc is some oserlapping Iith the light ie. I he dit.Ierence bCt\ecn the Cn d 0l the

hui 1 n tine and the end ol the fight time i" the lorget time.

5. R[SUiLITS

I ot all cases an a sorptit\ ot 0.5 \kas used in calculating the temperature ol tie hot ,pot.

that Is. 50 percent of the laser enr.x \,'as estimated to be absorbed b\ the target and the

retmainder reflected. likewise the emissi\ it\ of the hot spot in all cases was 'stirnated to hc ().5

I tlic\ alues are kiiowin to change sonie hazt %ith temperatire, but for the purpose' , of t his

a ia Is ,is they \were assumled to be constant. I he laser bea i sie in all cases as taken to he 5 ill

in diameter. I he incident laser flux ",as pi-esuimcd to be a. step Iunction '\ here 63.21 percent ot

the Cllr tell uniforily within the iniinal spot diameter and the bala nce lell outside this.

hiut unit ornl\ \within tw o dia meters. Ihe traction 0.6321 is of course the height of a step

funtiont \hich forms a cylindrical volume equal to the \olume tinder a (Gaussian surlace arid

x\ithin the same nominal diameter as the cylinder. A step function \as used rather than a
(iaussian distribution because it was felt that this represented the actual case better.
:\peritnental evidence has shown the flui peak to iander about, so that the time-averaged

flux is not Gaussian. [he target was assumed to be steel with a thickness of three inches and an

initial temperature of 0 degrees Centigrade. Other variables are given on the individual

i llistrations.

As stated, for this analysis a minimum threshold energy value which would permit the
seeker to function was chosen to be 2.7X 10"L watts cm '.rhe seeker would have a noise value

equivalent to this strength of signal. so a signal of this strength might be discernible, but not

necessarily strong enough to maintain lockon. A higher specified minimum signal-to-noise

ratio must therefore be chosen to reliably maintain lockon. Ihe signal-to-noise ratio times

2.7X 10 ' is therefore the minimum energy level used for dQ_. dA 2 in Equation (7). Figure 8

shows the effect of signal-to-noise ratio on the maximum missile range. Also in this figure the

dashed lines show the maximum range for sensing a hot M60 tank without the benefit of

thermal marking. By a "hot" tank is meant one which has had the engine running for an

extended period of time. A "suppressed" tank is one which has had the engine compartment

and other hot areas modified so as to shield the emission of thermal energy. By experience.

signal-to-noise ratios of less than five do not appear practical, so the majority of calculations

were performed using this value. In Figure 9 the forget time for a suppressed or unsuppressed

tank not using thermal marking is simply the flight time of the missile, since no laser operation

is in\ olved. Crossing the dashed lines in Figure 9 is a short dividing line which marks the forget

7 
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fifl IL Il a\itl~li) h,[iLIl lle iiI~ ; "e .iig Npi c~d hot tank Niutht1itt the

(f 1 fIh I11 Iit Ii !I Iii i ik II 114. lie ii. dI hi. m i I he i,in. , micsat the fotrg.et tinicflC. ft n

~;i'ip~i~hti tanlk I hie otud lie 'n.tmt'. the target timesNig licithrmal ma; kime

I. lirX ii the etlet o! a ofea incidentce IN N\h, I hec solid tines indicate the adaantaee

-111 he _,aolld it onec antsw the laser Iltrlinal to A liarlet SntaLcc. It thle orientatiton ot the(

I ac c nntbe decterm[InI[ed. 50) degerees ea n he 1nsed aana eae'aletindne.I hi..

IN he'Ca use thle hounded .u rface area of- a her;; spherec intersectedib ta central conec at 101

tl-i cc, 50J dcLrees cit hier side ot normiali IN eq Ila I Itot the hemispherical area luingotitside the

t.11c. 1 hn..1 at randoml hiser shOt at aIn unlknaaa It orientation has anl equal Chanic at taillino-

iisiIte mr ttside stuch ai cone. It mat he presumed that it thle target is visible. tile anlec at

imIit t-iii wNill he bet ter thani a\erage. an ld, taor mllost 0 tile Calctilat IonillIi tis Ntulds\ I an anel L!I oI

lit (ie ce ott 310 degrees \%as, used. I he cursec t or normal a ngle at Incidence ends at .u Li SeI

iadilali ittile at ciehi seconds because thle targtet absorbed eiouih eneres' uitIfI 11i,

con1ditions to start melting the steel. It is not prof ita ble to continue irraiating the tarimet a Itel

melting begins as the surf'ace temperature w.Ill not a ppreciablv increase anid ti it ireCO thle

mad \irntu tracking range "i ill nolt increase. Figiirc I / e,~s the forget times liii \a anon. anle'c

at incidence as shown b\ the solid lines. Vhc dashecd tine is again tile target lint t 1kr at

..tippressedl and uinsuppressed hot tank withbout thle benef'it of thermal mar king InliOw, Case.

there is no angle of' incidence since no laser beam is involved.

Figure 12 gives the efflect of* atmospheric conditions onl the max.imum range. I hiceeI pe' o

conditions were examined, clear. haiv. and very ha/y. Ihese were defined by visibilities at 23

kmi. 8 km.l and 3 km respectively. Atmospheric conditions attenuated bath the laser beam) and

the emitted energy from the hot spot but by different amounts because of' the diffcrence in

\aalelengths. Most of the calculations were performed using a ha.'v atmosphere. Figure 13

shaois thle effects of attmospheric conditions on forget time and also the expected taorget times

using the same missile and sensor on a hot tank, without the benefit of' thermal marking.

Figur.s 14 and 15 show the effects of irradiation times at various laser power levels on the

max~imum range and forget times respectively. Figure /6 gives the same information as Figure

14 but it is plotted in a more usable form. It can be readily seen from Figure 16 that to fire a

missile f'rom 1600 meters, the following options are available: 10 seconds of irradiation at

34MW 9 seconds at 36kW-, 8 seconds at 38kW; 7 seconds at 40kW; 6 seconds at 44kW; 5
seconds at 49kW; 4 seconds at 57kW; or 3 seconds at about 69kW.

The effect of different seekers was briefly explored. Using the same missile flight

characteristics, the seeker wavelength band or window was moved from 5-5.8 Mdown to

8



tioot thIsI h1lild~ilonl P, til If One k~cp' 11he Ii luldl'!1tion ti11e short., IC.Ik 0\~ sieclds. then! thet

p-lxj baind %\III civ. - la \ltlium rane.c li.ei .ltot the lonieci it radiationl tittle,,. like It,

I (Is. thIei 2-2i' h a i IS11 kh o tI II It I IC Len Ill

111 ti hl hi I lwt 1ll\CNst tlin \k.i iltle Into the tte ol tlusi hrttl mn111 111kine' I,j a

'Uppk nealt II thle radiationl iront a hot N1l-6t)tank - both supprecssed and un~sujpp!ressed. \\ hue

I -A l e s III (\ aISCki Inl til ILIl\ \ Lld loc((-kot 1i t hot tanlk one1 M IlOse II-11 1nin t s been

lil ii'- 11i It prolonlged period,. thle lockon \%als impro\cd it assisted b\ thermal intakine \

l-I oiidladiatiiit time at 501.000 \katts 1liCI~aede thle lila xtnintti asailable ange 36 pecent

I o lit, istuppressed taink Mand thle sNtieC oht'Iion1S Onl at suppresed tank inicascklilih

1iii2 1iii~ ac 11 percetit. I hie reslts al,, Ile Fin urc 15S.

oi ()M('I (SIONS

It is, teasible ito mtark a cold tank otI other armored target %Ith a high etietg- isi atind

I ak1 ont tilie hot ,pot after tile lasecr has been ttirned oit.

It. I All a supersonlic missile x\ oh a modern seeker, thle mlaXIM IM range is in the Sci nllt\ ot

2I) l)) Ililtcrs". l imited b\ tile melItinge Point ol ,teel.

I lite s~ stemi pros ideS f orget Iiimes ai thle eiit\ oi- three ,econds.

l ) \\cat her has ani a pprecia ble effect. III likbo\e Con1cIlIusn are based on a rihilitv of

eiiili t kilometers. Vi usuallv clear or unuILSLall li a/\ days affect the maximurn range by 201

I Inicieasing laser powser does not increase the mnaximlum range of the system. but

dcki eases lie nccessary Irradiation time to achieve maximum range.

I.It an irradiation time of' five seconds can be tolerated, a laser power of'70.00() watts A~ ill

gise tilie ma ximum range of 2000) meters.

6i I he s\stenican be used to advantage onl hot tanks by supplementing the radiation. The

adsantage can be as much as 700 meters for an unsuppressed tank. and 1200 meters for a

Suppressed tank. using 50.000 watts in a 5 cm beam.

If. Ways to increase the ran~,e would be:

9
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" |e\c Ii~p me' ns to opcratc icliahi\ at a signal-to-noise ratio of I.

" Increase the speed of the missile.

* I ,c a sckcr %ith a \eir \side hand \%idth.

* It lonu irradiation times are anticipatcd. uSa ,ase.ker \ hich operates in the \icinit\ of
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Figure 6. Example plot of missile flights for maximum range and
maximum forget time.
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